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INTRODUCTION
Highly productive plumes of water from the Amazon and Orinoco Rivers spread from their sources into the western tropical Atlantic Ocean and eastern Caribbean Sea. These rivers combined represent nearly 20% of the world's riverine input to the oceans. Their plumes are identifiable over great distances from shipboard observations and measurements from space by their low surface salinity and distinctive ocean color signatures, tracing surface circulation features in the tropical Atlantic and Caribbean Sea (e.g., M€ uller-Karger et al., 1988 M€ uller-Karger et al., , 1989 Hu et al., 2004; Odriozola et al., 2007) . In this paper we examine a major Amazon River plume event that took place from April to June 2009 in the northeastern Caribbean Sea, encompassing Saba Bank, the U.S. and British Virgin Islands, and Anegada Passage, markedly degrading the water column visibility and altering the surface water properties. Press reports indicated that such a 'green water' event had not been observed before. This event generated much local concern because of the ecological and economic importance of the coral reefs and reef fish to the islands.
Satellite ocean color images, published first in the 1980s (M€ uller-Karger et al., 1988 ) and many times since, show a strong seasonal cycle in the dispersal pattern of the Amazon River plume. Between about January and May, Amazon River water spreads directly from the equator northwestward along the coast of South America towards the Caribbean Sea (Fig. 1 , orange line), trapped by the North Brazil Current (NBC), the Guiana Current and regional winds. Large volumes of Amazon River water carried by this coastal current usually reach the Caribbean Sea between about May and September. Plume waters typically enter the Caribbean south of 16°N and then disperse widely throughout the eastern Caribbean Sea, leading to slightly higher turbidity relative to the clearer oligotrophic waters of the central tropical Atlantic and northeastern Caribbean Sea (M€ uller-Karger et al., 1989) .
Starting around June-July, surface waters of the NBC turn offshore (retroflect) and flow east towards Africa as the seasonal North Equatorial Countercurrent is established (Fig. 1, red line; M€ uller-Karger et al., 1988 M€ uller-Karger et al., , 1995 Johns et al., 1990; Ffield, 2007; Salisbury et al., 2011) . The NBC and the NBC retroflection shed large (>300 km diameter) anticyclonic rings (North Brazil Current Rings, NBCRs) throughout the year at an average frequency of one every~50-60 days (Bruce et al., 1985; Johns et al., 1990; Goni and Johns, 2001; Hu et al., 2004) . These eddies frequently entrain large volumes of Amazon River water and drift northwestward along the coast of South America (Fig. 1 ) until they impinge on Barbados and the Lesser Antilles. The eddies and river plume either continue to the north in the Atlantic, east of these islands, or dissipate at more tropical latitudes both within the Caribbean and to the east and north (Wilson and Johns, 1997; Murphy and Hurlburt, 1999; Johns et al., 2002; Fratantoni and Richardson, 2006; Cherubin and Richardson, 2007; Ffield, 2007) .
The processes of dispersal of Amazon water within the Caribbean Sea are complex and difficult to trace because the patterns of Amazon River plume dispersal vary from year to year, in both size and location (M€ uller-Karger et al., 1988 (M€ uller-Karger et al., , 1989 M€ uller-Karger, 1993; Hu et al., 2004; Ffield, 2005 Ffield, , 2007 Cherubin and Richardson, 2007; Salisbury et al., 2011) . In addition, discharge from the Orinoco River enters directly into the southeastern Caribbean Sea and also affects the regional surface water properties (M€ uller-Karger et al., 1989; del Castillo et al., 1999; Odriozola et al., 2007; L opez et al., 2012) .
To further complicate matters, remnants of the previous year's Amazon plume can mix with newlyformed Amazon River water plumes and move towards the Caribbean to intersperse with the Orinoco plume waters (M€ uller-Karger et al., 1988 (M€ uller-Karger et al., , 1989 M€ uller-Karger, 1993; Hu et al., 2004; Cherubin and Richardson, 2007) . The combined plume typically reaches the region south of Puerto Rico by about October, or about 3-4 months after the peak seasonal rains in northeast South America (M€ uller-Karger et al., 1989; Corredor and Morell, 2001; Hu et al., 2004; Cherubin and Richardson, 2007) .
In the western Atlantic, the brackish boluses of Amazon River water modify the ecology of the otherwise oligotrophic areas. They carry higher concentrations of phytoplankton, zooplankton and nutrients than surrounding waters (Ketchum and Ryther, 1966; Ryther et al., 1967; Hulburt and Corwin, 1969; Borstad, 1982a,b; Subramaniam et al., 2008) . Further downstream, the intrusion of Amazon River water leads to seasonal shifts in the local and pelagic fisheries of Barbados and the Lesser Antilles islands, located to the west of Barbados ( Fig. 1 ; Kelly et al., 2000) . Cowen et al. (2003) demonstrated changes in vertical distribution, slower growth rates and longer larval stages in Barbados coral reef fish larvae when Amazon River water was present. They concluded that the presence of Amazon River water reduces survival and leads to lower recruitment of local coral reef fish.
Several reef fish species spawn in the northeastern Caribbean Sea. This includes commercially important snappers and groupers (Munro et al., 1973; Kadison et al., 2006) . Once hatched, larvae are pelagic for several weeks before recruiting to benthic habitats (Brothers et al., 1983) . Variability in the strength and location of oceanographic circulation features has been shown to define the transport patterns of fish larvae, and ultimately affect recruitment success (Shulman and Ogden, 1987; Booth and Beretta, 1994; Grothues and Cowen, 1999; Hare et al., 2001) . Thus it is possible that episodic river plume events might be capable of disrupting the transport patterns and recruitment success of Caribbean reef fish larvae.
An interdisciplinary research cruise was conducted in the northeast Caribbean in April 2009 as part of a time series of shipboard observations designed to study the connection between ocean circulation and larval reef fish assemblages (Fig. 2) . The oceanographic and larval fish assemblage characteristics of the anomalous Amazon River plume and its surrounding waters are examined herein in the context of satellite ocean color imagery, shipboard observations including net tows, satellite-tracked near-surface drifters, and a dataassimilating numerical circulation model. From these recent observations, significant alterations in the local reef fish populations were found to be associated with the presence of the Amazon River water.
MATERIALS AND METHODS

Remote sensing observations
Satellite images of sea surface chlorophyll-a (chl-a) from the Sea-viewing Wide Field-of-View Sensor (SeaWiFS; 1997 -2010 and the NASA Moderate Resolution Imaging Spectroradiometer (MODIS; 2002 -2013 were obtained by ground stations located at the University of South Florida (USF) and from NASA's Goddard Space Flight Center (NASA GSFC). They were used to track the spring 2009 Amazon River plume in the western Atlantic Ocean and Caribbean Sea. The images were processed using NASA SeaDAS software to obtain an estimate of the pigment concentration in surface waters (chl-a plus phaeopigments; O'Reilly et al., 2000) . Monthly and weekly composite images were constructed to track the large-scale features of the plume and its dispersal throughout the eastern Caribbean. To help understand the spatial patterns observed, we also examined weekly and monthly images of the European Space Agency's MEdium Resolution Imaging Spectrometer (MERIS), served by the NASA GSFC ocean color group.
Real-time SeaWiFS and MODIS data were transmitted to the ship by USF during the cruise to identify features such as fronts and gyres, helping to guide field sampling and drifter deployment locations. Monthly SeaWiFS and MODIS chl-a data obtained from NASA's Giovanni online data system (Acker and Leptoukh, 2007) were also used in post-processing as a convenient tool to examine the spatial and temporal variability of the plume relative to long-term chl-a time series for the study area.
Mercator Oc ean global ocean analysis Regional sea surface height (SSH), near-surface (1 m) salinity and ocean current fields were examined for the period January to June 2009 using the operational, data-assimilating global Mercator Oc ean numerical simulations (Timmermann et al., 2004; Barnier et al., 2006; Dr evillon et al., 2008; Madec, 2008) . The model has a nominal horizontal resolution of 1/4°at the equator and finer resolution with increasing latitude. It has 50 vertical levels, with 11 levels in the top 15 m. Data are assimilated using a reduced-order Kalman filter (Pham et al., 1998) adapted for eddy-resolving global ocean model configurations (Tranchant et al., 2008) . Assimilated data include remotely-sensed SSH anomalies and mean dynamic topography, sea surface temperature (SST) and in situ temperature and salinity profiles. The model results were used to synthesize the ambient physical oceanography of the region, and provide a better means of testing hypotheses relating to the origin and dispersal of the Amazon River plume than the data alone would have provided.
In situ oceanographic observations
A multidisciplinary research cruise involving fisheries biologists and physical oceanographers was conducted in the northeastern Caribbean Sea during April 7-20, 2009, aboard the NOAA Ship Nancy Foster (NOAA cruise NF-09-03). The cruise track, station locations and sampling plan are shown in Fig. 2 .
Ten Standard Velocity Profiler (SVP) Lagrangian surface drifters were deployed to help understand circulation features identified in the ocean color satellite imagery. The drifters were drogued to 15 m and tracked via the Argos satellite (Lumpkin and Pazos, 2007) . These drifting buoys were used to follow the synoptic regional surface flow and to assess its connectivity with larger-scale circulation patterns.
Continuous along-track SST, surface salinity (SSS) and fluorescence measurements were collected using the ship's flow-through SBE-21 thermosalinograph (TSG) system, and Turner 10 (Leg 1, April 7-13) and Seapoint (Leg 2, April 15-20) fluorometers. The data were logged at 10-s intervals and referenced with Global Positioning System (GPS) data. The SSS data were used in our analyses to distinguish between three surface water types, namely Atlantic, Caribbean and Amazon River plume, in near-real-time, in combination with the satellite imagery and water color observed from the deck of the ship.
Vertical hydrographic profiles were collected using a Sea-Bird 911plus CTD (conductivity-temperaturedepth) system equipped with dual conductivity, temperature and dissolved oxygen (SBE 43) sensors, and a single chl-a fluorescence (Wetlabs ECO-AFL) probe. Most of the CTD stations were occupied to a depth of 300 m or to the seafloor, whichever was shallower. Full water column profiles were collected across Anegada Passage to~1800 m depth. Here we focus on the nearsurface (<100 m) observations collected during the cruise, which are most relevant to describing the characteristics of the river plume water and its effect on the larval fish distributions.
Water samples were collected using 10-L Niskin bottles mounted on the CTD package. Samples were collected at the maximum cast depth, the depth of maximum fluorescence, and from just below the surface. Water samples were filtered for in situ chl-a concentration as described by Kelble et al. (2005) . Due to the sparse vertical bottle sampling, the chl-a fluorescence profiles were not calibrated to the sampled chl-a and will be shown below as relative fluorescence profiles. There was a robust linear correlation between the surface chl-a samples and the surface fluorometer data (R 2 = 0.77). The fluorometer values and chl-a sample concentrations were nearly equal at the low end of their range, but at the high end of the range (i.e., in the plume) the measured chl-a concentrations were approximately a factor of nine higher than the fluorescence values. The dissolved oxygen (DO) content of the bottle samples was estimated using the standard Winkler titration method and used to check the calibration of the CTD DO sensors. Objectivelyinterpolated contour maps of SST and SSS (from the continuous TSG system), and oxygen and chl-a (from the discrete station sample data) were produced using Golden Software, Inc. (Golden, CO, USA)'s SURFER 'kriging' objective interpolation software. Additional details on shipboard instrumentation, methods and data accuracy are available in the NF-09-03 cruise report (Smith, 2009) .
Larval fish and plankton sampling
Larval fish collections were conducted using a 0.9-m 2 bongo net with a mesh size of 0.505 mm. The bongo net sampled obliquely from the surface to 10 m depth for 10 min, at a towing speed of 1.5-2.0 kts. Volumes of seawater filtered by the net were calculated using a General Oceanics mechanical flow meter attached to the net mouth. Settled total phyto-and zooplankton volumes (in units of mL m À3 of seawater sampled) were measured at each station. Depth-stratified plankton sampling was conducted using a Multiple Opening/Closing Net and Environmental Sampling System (MOCNESS) at deeper (offshore and shelf break) sampling stations. The MOCNESS sampled four discrete strata: 0-25 m (Net 5), 25-50 m (Net 4), 50-75 m (Net 3) and 75-100 m (Net 2). A mean of 332.8 m 3 of water was filtered by each net. All nets were constructed with a 0.333-mm mesh and a 1-m 2 mouth opening. Not all net sampling gear was deployed at all stations (Fig. 2) .
Plankton samples were fixed in 95% Ethanol at sea which was refreshed 24 h later to adequately preserve samples. Fish larvae were removed from all plankton samples, and identified to the family level using techniques described in Richards (2005) . Larvae from three reef-associated families were identified to the genus level: Labridae (n = 1096), Serranidae (n = 465) and Scaridae (n = 2211). The standard length of 1038 of these larvae was measured to the nearest 0.1 mm, using an eyepiece micrometer fitted to a dissecting microscope. The mean abundance and length of larvae from the two most abundant genera from each of these three families were then compared for different sampling depths. The sampling depths of the two plankton sampling gears were compared by taking the median depth covered by each depth bin: 5 m for the bongo net, and 87.5, 62.5, 37.5 and 12.5 m for each of the four MOCNESS depth strata.
Statistical differences in larval fish assemblages among the three water types identified using the along-track SSS data were evaluated using a non-parametric, multivariate permutational analysis of variance (PERMANOVA; Anderson, 2001) within each net type (bongo, and MOCNESS Nets 2-5). There was only one plume sample available for the two deepest MOCNESS nets, and so Monte Carlo sampling was used to derive P-values for pairwise comparisons involving these samples. The similarity percentage routine SIMPER was then used to identify the families which were most responsible for distinguishing assemblages among the different water masses. This analysis considers the mean abundance and standard deviation of different taxa among sample groups, with scores for each taxa determined by considering the contribution to overall dissimilarity among groups (Clarke, 1993) . Samples from bongo nets and the two shallowest MOCNESS nets (Nets 4-5) were combined within stations for this analysis. All multivariate statistical analyses were completed using PRIMER-E software (Clarke and Gorley, 2006) .
Results from the 2009 cruise were compared with larval fish abundances for two selected families (Myctophidae and Scaridae) from similar cruises previously completed in the region in 2007 and 2008, between March and May. These samples were collected and processed in the same manner as for 2009.
RESULTS
Origin and dispersal of the plume
A sequence of monthly MODIS ocean color composites illustrates the dispersal of the Amazon and Orinoco River plumes between January and September 2009 (Fig. 3 ). The January image shows a coastal river plume with a relatively high pigment concentration entering the Caribbean south of 12°N. This pattern is typical for this time of the year ( Fig. 1 ) and shows the impact of the mixture of Amazon and Orinoco River plume waters on the coasts of Venezuela, Trinidad and Tobago, and the southernmost Lesser Antilles islands around Grenada. In February, a second plume of slightly lower pigment concentration extended north along about 58°W to 14°N, east of Barbados. Satellite altimeter data (not shown) confirmed that this second plume was associated with a NBCR that formed around October 2008 from the NBC retroflection. This ring was also present in a numerical simulation of the Mercator Oc ean global ocean operational analysis (see below). In March 2009, as the NBCR impinged on the Lesser Antilles, chl-a concentrations increased around the islands up to~15°N, including west of the islands inside the eastern Caribbean Sea. By April, the entire northeastern Caribbean east of 67°W and north to about 19°N was covered with the plume.
Examination of the monthly mean satellite-derived ocean color products ( Fig. 3 ) could lead to the conclusion that the high chl-a features observed immediately to the west of the Lesser Antilles and extending from Venezuela to the Virgin Islands is part of the Orinoco River plume. However, careful examination of daily and weekly mean chl-a images from SeaWiFS, MODIS and MERIS (for example, those in Fig. 4 ) helps piece together a complex puzzle that shows that the high chl-a water seen north of about 14°N immediately west of the Antilles is contained in boluses of Amazon water that moved across the island chain and started to move rapidly toward the islands in the vicinity of the Virgin Islands to the north.
The 'green water' began to envelope the Virgin Islands starting the first week of April, 2009. The northern edge of the plume spread approximately four degrees in both latitude and in longitude from March to April, implying an average advection rate of about 17 cm s À1 . By May, the plume had spread westward to 72°W and northward to 20°N into the open Atlantic, north of the Virgin Islands. Chl-a concentrations between 0.3 and 0.5 mg m À3 and higher remained in the vicinity of the Virgin Islands through June 2009, as the bulk of the plume dissipated farther into the Caribbean Sea to the west, and northwest into the western subtropical Atlantic.
Beginning in April 2009, yet another mass of Amazon River water was observed to the east of the central Caribbean island arc. This water was associated with a new NBCR. This second NBCR of 2009 spread Amazon River water to the north and east of the Lesser Antilles during May through to July, into the subtropical Atlantic. Finally, by August and September, the NBCRs had largely dissipated. By this time, the seasonal NBC retroflection ( Fig. 1) had developed.
For a closer look at the high chl-a plume during the NOAA cruise, a sequence of 4 weekly ocean color composite images was generated for April 2009 (Fig. 4) . The images show the extent and complex spatial structure of the plume. The week before the cruise (weekly composite beginning on April 2), the leading edge of the plume was just beginning to enter the southern part of the study area (white rectangle indicating 17-19°N, 66-62°W; see also Fig. 2 ). By April 9, during the first week of the cruise, some filaments of high chl-a extended north and west of the Virgin Islands and Anegada Passage. By April 16, during the second half of the cruise, the plume extended well north of the Virgin Islands and Anegada Passage and west along the southern coast of Puerto Rico. Finally, by the week beginning on April 23, after the cruise was completed, the plume began to slowly dissipate. 
Mercator Oc ean SSH and near-surface salinity and velocity fields
The Mercator Oc ean global ocean operational analysis was used to study the mechanics of regional SSH, near-surface (1 m) salinity and flow fields during the first 6 months of 2009. Maps of simulated monthly SSH and near-surface (1 m) currents are shown in Fig. 5 . During October 2008, the North Brazil Current retroflection shed a ring (not shown). By February 2009, this NBCR, having a high SSH (orange tones), was located to the east of the southeastern Caribbean and Barbados, causing northward geostrophic flow from about 10°N, 62°W to at least 14°N along the Lesser Antilles. A cyclonic circulation (i.e., a relative depression in SSH, blue tones) developed during this time on the Caribbean side of the islands, immediately west of the central Lesser Antilles. This suggests that upwelling may have occurred in this area, bringing nutrients closer to the surface and intensifying the plankton bloom observed in satellite images on the Caribbean side of the Lesser Antilles. The strengthening, positive west-to-east gradient in SSH across the island arc from the low SSH values just inside the Caribbean to the high SSH values offshore, most notable from March to June 2009, contributed to the intensity of the northward jet along the islands (with current speeds >25 cm s À1 ) and the rapid northward spread of the Amazon plume waters on the Caribbean side of the islands during this time.
Monthly mean near-surface (1 m) salinity maps from the Mercator Oc ean analysis product ( Fig. 6 ) show fresh water (dark blue tones), advected with the NBCR, approaching the Lesser Antilles during January and February 2009 and entering the eastern Caribbean Sea in March 2009, following the strong northward jet along the arc of the Caribbean islands, and remaining in the northeastern Caribbean through to June 2009. These results, depicting the northward spreading of the Amazon River water, are in good agreement with the MODIS ocean color images described in the previous section. Analysis of Mercator Oc ean analysis products (not shown) for January through to June of 2007 through 2010 confirms that in 2009 the Amazon River water entered the Caribbean several months earlier than during the two previous years, with larger negative (fresh) salinity anomalies in boreal spring/summer observed in the northeastern Caribbean than in previous years. In 2010, a similar extreme event followed the 2009 plume event in the Mercator Oc ean global ocean operational analysis; this will be discussed later in the context of historical measurements in the region.
Hydrographic observations
Maps of in situ SSS, SST, surface dissolved oxygen and surface chl-a are shown in Fig. 7(a-d) . Based on SSS alone, three water types were identified: plume waters are defined as those stations with SSS < 35.9 (dark blue to purple tones), Caribbean waters as SSS from 35.9 to 36.6 (turquoise, green and yellow tones) and North Atlantic water as SSS > 36.6 (orange and red tones). By these definitions, North Atlantic surface water was located to the north of Anegada, Amazon River plume water was located in the south-central portion of the region, and Caribbean surface water was located on the northwest and east sides of the study area. The property maps confirm a close association within the plume between lower salinity (35.76 AE 0.05 PSU), and higher surface chl-a (1.26 AE 0.21 mg m À3 ), higher SST (26.67 AE 0.14°C), and higher dissolved oxygen (4.90 AE 0.06 mL L À1 ), as listed in Table 1 . The plume was nearly 1°C warmer, 1 PSU fresher, 0.3 mL L À1 higher in dissolved oxygen and 1.2 mg m À3 higher in chl-a than nearby Atlantic Ocean waters, with adjacent Caribbean surface waters falling between the other two water types (Table 1) .
The chl-a values previously shown in the weekly composite MODIS images for the weeks beginning April 9 and April 16, 2009, are in the 1.0-2.0 mg m À3 range within the plume (green and yellow tones, Fig. 4) . The satellite-derived values were expected to be higher than the chl-a concentrations sampled from the ship due to the likely presence of colored dissolved organic matter, or CDOM, as has been observed previously in the Orinoco River plume (M€ uller-Karger , 1989; del Castillo et al., 1999; Salisbury et al., 2011; L opez et al., 2012) . However, in this case the satellite-derived estimates of chl-a in the plume were in good qualitative agreement with the chl-a sample observations from the cruise (which showed a mean of 1.26 AE 0.21 mg m À3 for the seven plume stations, Table 1 ).
Selected CTD profiles of temperature, salinity, fluorometer voltage and dissolved oxygen (Fig. 8) show that the low-salinity, high-chlorophyll plume was 20-30 m thick. In contrast, profiles in North Atlantic water showed waters well mixed to >100 m. The transition from salinity~35.7 at 20 m to~36.9 at 75 m and below (i.e., close to the Atlantic profile) in the plume profile shows that mixing between the buoyant plume and the underlying waters was limited along the >2200 km transit from the Amazon River Delta to the northeastern Caribbean. The plume waters were The salinity and temperature fields are from the thermosalinograph (TSG) system, and the dissolved oxygen and chl-a are from the water samples collected at each station. The 35.9 and 36.6 salinity contours, which delineate the plume boundaries and the stations used for the statistical groupings in Table 1 , are superimposed on all of the panels in white. Hydrographic stations no. 83 (in the plume) and no. 47 (in the Atlantic), used in the vertical profiles of Fig. 8 , are labeled on the sea surface salinity map. warmer than the Atlantic waters throughout the water column to about 175 m. The dissolved oxygen profiles show a higher concentration in the plume in the upper 20 m, but lower values just beneath the plume from 20 to 115 m than the Atlantic station. The relative chl-a fluorescence profiles show that although the highest values are in the upper 20-30 m, there is also relatively high fluorescence down to~60 m depth within the plume water, and lower fluorescence between 100 and 190 m.
Synoptic circulation from near-surface drifter observations
Satellite-tracked near-surface drifters deployed during the cruise were used to trace the regional ocean currents. The trajectories of the 10 drifters are shown in Fig. 9 . Three drifters (dark green, yellow and turquoise) were deployed north of the Virgin Islands on 11-12 April 2009. They all traveled northwestward at 19 cm s À1 and were located north of Puerto Rico by 19-21 April 2009. Their trajectories are consistent with the mean estimated westward flow of the North Atlantic subtropical gyre (Fig. 1) , with a superimposed northward Ekman drift driven by the trade winds (c.f. Gordon, 1967) .
The drifters that were deployed south and east of the Virgin Islands reveal some details of the direction of dispersal of the Amazon River plume during the cruise. The easternmost drifter, deployed on April 17 between Saba Island and St. Martin (purple), traveled north at 11 cm s À1 and drifted out of the Caribbean through Anegada Passage before turning to the west north of the Virgin Islands. This trajectory was unexpected, as previous observations have documented a mean southwestward surface inflow through the Anegada Passage from the Atlantic into the Caribbean (Johns et al., 1999) .
Several drifters deployed southwest of the Anegada Passage (gray, blue and black) drifted to the west just south of the Virgin Islands at~15 cm s À1 . Joined by another drifter (pink) which later grounded in the islands, they turned northward, passed just west of the Virgin Islands, and continued drifting to the northwest into the Atlantic. A drifter deployed east of St. Croix (orange) traced a small cyclonic eddy before traveling westward at~26 cm s À1 just south of Puerto Rico. Fig. 7 ) located in the plume (station no. 83, solid lines), and in North Atlantic water (station no. 47, dashed lines). Temperature is red, salinity is blue, chl a is green, and dissolved oxygen is purple. Vertical profiles of the Caribbean water type fall in general between these two types (not shown).
Finally, a drifter deployed southeast of St. Croix (red) moved cyclonically and then drifted to the northnorthwest at~20 cm s À1 , passing between Virgin Gorda and Tortola over shallow banks before finally turning westward north of Puerto Rico within the subtropical gyre (Fig. 9 ).
The drifter trajectories confirm the north-and westward motion of surface waters in the northeastern Caribbean Sea during April and May 2009 at speeds of 11-26 cm s À1 , in good qualitative agreement with the direction of dispersion and the advection rate of 17 cm s À1 for the plume waters estimated from the . Note that the concentration scale (size of filled circles) is a factor of 10 higher for the Myctophidae and Clupeidae families than for the other two families. Figure 9 . Satellite-tracked surface drifter trajectories for the period 10 April 2009 to 21 May 2009. Drifters were deployed during cruise NF-09-03 of NOAA Ship Nancy Foster. Deployment locations are indicated by circles (also shown in Fig. 2) , daily locations by dots, and final locations if drifters became grounded before exiting the study area are shown as stars. Note that this map depicts a somewhat larger geographical area than the study area shown in Figs 1, 2, and 4. sequence of monthly ocean color images during that time (Fig. 3) .
Larval fish assemblages
Larvae from 109 fish families were collected in the plankton samples. Myctophidae larvae were the most abundant, comprising 23.3% of all larvae collected, followed by Scaridae (9.5%) and Carangidae (6.6%) ( Table 2 ). The 20 most abundant families encompassed 85.4% of all fish larvae collected in the plankton samples. Plume waters also had high concentrations of small jellyfish near the surface.
Initial PERMANOVA tests showed significant differences between larval fish assemblages among the three (Atlantic, Caribbean and plume) water masses (P < 0.001), with a significant interaction between water mass and net type (P = 0.012). Pairwise tests showed that differences were strongest in the shallowest nets (bongo and MOCNESS Net 5), and between the Caribbean and Atlantic water masses (Table 3) .
SIMPER analyses were used to determine which families were most strongly associated with each water mass. Carangidae (SIMPER score 1.3), Scaridae (1.1) and Labridae (1.1) larvae were most influential in separating samples from the Caribbean and Atlantic water masses, with all three families more abundant in Caribbean water. Myctophidae (1.2), Nomeidae (1.5) and Scombridae (1.2) larvae best distinguished between the Caribbean and plume water masses, with all families more abundant in the plume samples. Nomeidae (1.9), Myctophidae (1.2) and Carangidae (1.4) larvae best separated the Atlantic and plume samples, with all more abundant in the plume samples. Larval fish assemblages from the plume water mass were therefore distinguished from the other water masses by higher abundances of pelagic and mesopelagic taxa, such as Myctophidae and Nomeidae. In contrast, abundances of reef-and nearshore-associated taxa such as Scaridae and Clupeidae were lowest in the plume samples (Fig. 10) .
A comparison of larval abundances between 2009 and samples from two previous years (spring 2007 and 2008 cruises) showed higher abundances of Myctophidae larvae and lower abundances of Scaridae larvae in the plume region from 2009 (Fig. 11) . However, because of the different objectives of each of these cruises, few stations were occupied in the southern study region during 2007 and 2008. As a result, it is difficult to draw robust conclusions regarding interannual variability.
Vertical distributions of reef-associated larvae varied by taxon and by time of sampling (Fig. 12) . When all sampled stations were considered, larvae from the labrid genera Halichoeres and Xyrichtys were most abundant in the upper~50 m of the water column, with higher concentrations near the surface at night. Pseudogramma and Serranus (Serranidae) larvae were distributed throughout the water column, but also showed higher near-surface concentrations at night. While Scarus (Scaridae) larvae were distributed throughout the upper 50 m, Sparisoma larvae (Scaridae) were strongly associated with the near-surface layer, with much high concentrations collected at night. Larval concentrations of two mesopelagic families were also selected for comparison. Myctophidae larvae were collected throughout the sampled depth strata, with no clear depth preference. In contrast, larvae from another mesopelagic family (Nomeidae) were associated with the upper 50 m of the water column. In spite of differences among families and genera, all taxa considered used the upper 10-m depth strata during some part of the day, with higher concentrations observed at night. When samples from the plume water were compared with those from Caribbean water, a strong influence on vertical larval distributions was evident (Fig. 13) . Concentrations of Halichoeres, Xyrichtys, Scarus and Sparisoma larvae were much reduced in near-surface plume samples, and Serranus and Pseudogramma larvae were completely absent. In contrast, near-surface concentrations of Myctophidae and Nomeidae larvae were much greater in plume water than in Caribbean water. With the exception of Halichoeres and Pseudogramma, concentrations of larval reef fishes in the other four depth strata were generally comparable among the two water masses. However, elevated concentrations of mesopelagic larvae persisted down to approximately 50-m depth. Mean vertical profiles of chl-a fluorescence from CTD casts taken in plume versus Caribbean waters showed the strong association between the shallow, high chl-a waters at the plume stations and distinct assemblages of larval fish (Fig. 13, black solid and dashed lines) .
Mean lengths of reef-associated taxa varied widely among genera, but did not vary strongly with depth ( Fig. 14) . Labrid larvae (Halichoeres and Xyrichtys) were the largest on average, with mean lengths of 6 mm and larger during much of the water column during the night. In contrast, Serranus and Scarus larvae were mostly small, with mean lengths of <5 mm within all depth strata during both night and day. Pseudogramma showed some tendency for larger larvae to be located deeper in the water column, but larvae of other taxa did not show interactions between larval sizes and depth.
Settled total plankton volumes (including phytoplankton and zooplankton) from the bongo net samples were much higher in the plume samples and in Caribbean water samples (defined as 34.9 < SSS < 36.6) collected just north of St. Croix than they were in the rest of the sampled area (Fig. 15 ). Weekly satellite ocean color imagery (Fig. 4) indicated that the plume water had moved Figure 13 . Mean larval concentrations (in no. per m 3 ) with the median sampling depth for six genera from three reef-associated families, and two mesopelagic and pelagic families. Black bars denote samples from 'plume' water and gray bars denote samples from 'Caribbean' water. Standard errors are also shown, along with mean fluorescence profiles from CTD casts. The solid black series denotes plume waters, and the dashed series denotes Caribbean waters. into this area by the time these stations were taken near the end of the cruise, even although they did not meet the plume salinity criterion (SSS < 34.9). Comparison of the filtered surface chl-a data from the shipboard observations with the surface bongo net-derived total plankton volumes showed a positive linear relationship with an R 2 value of 0.75 for the plume samples (Fig. 16 ). This shows that plume waters contained high phytoplankton as well as zooplankton concentrations. High total plankton volumes in the plume were mostly restricted to the upper two depth strata (Fig. 16) . Below 50-m depth, plankton volumes among the three water mass types were very similar ( Fig. 16 ).
Historical context of the 2009 plume event
Analysis of a monthly time series of SeaWiFS and MODIS satellite estimates of chl-a averaged over the study area (17-19°N, 66-62°W) confirms that the 2009 plume event was unprecedented since at least 1998 (Fig. 17) , i.e., the date when SeaWiFS observations started a robust time series of space-based chl-a observations. A strong seasonal cycle is evident, with the lowest climatological values (<0.10 mg m À3 ) Figure 14 . Mean larval standard lengths (mm) with median sampling depth for six genera from three reef-associated families. Dark bars denote night samples (19.00-07.00 h), and light bars denote day samples. Standard errors are also shown. Dark bars shown on the negative portion of the x-axis denote night samples. occurring in February to March, followed by a rapid rise to a peak seasonal value (~0.18 mg m À3 ) in July. The 2009 event occurred in April to May, 2 months earlier than the climatological maximum.
Substantial interannual variability is evident in years prior to as well as after 2009. High pigment concentrations were observed in 2000 and again in 2003, shortly leading or coinciding with the time of the climatological maximum. The highest concentrations in the time series were actually recorded in 2010, coinciding in time with the climatological maximum chla.
Satellite ocean color, satellite altimetry and the Mercator Oc ean analysis (not shown) confirmed that the 2010 event was also the result of a NBCR delivering Amazon River water to the area, similar to what was observed in 2009. The chl-a values shown by the MODIS sensor for the cruise area during 2009 reached a peak of 0.35 mg m À3 in May 2009, and 0.54 mg m À3 in July 2010, a factor of two or more above the climatological July values of~0.18 mg m À3 . Figure 16 . Top: Linear correlation between settled total (phyto-and zoo-) plankton volume from bongo net samples (mL m À3 ) and chlorophyll-a (chl a) from surface water samples (mg m À3 ). Bottom: the mean settled plankton volume by sampled depth for 'plume', 'Caribbean' and 'Atlantic' waters, with standard errors shown. Looking further back in time, a Coastal Zone Color Scanner (CZCS) image described by M€ uller-Karger et al. (1989; Plate 6) for June 1980 shows that a similar event with monthly-averaged chl-a concentrations of >1.0 mg m À3 occurred in the region. No other comparable event was observed in the rest of the 1978-1986 CZCS time series.
DISCUSSION
A large bolus of Amazon River water was found in the northeastern Caribbean Sea during April and May 2009, several months earlier and farther to the north than is normally observed in the area. Examination of satellite altimeter observations and results from a dataassimilating numerical model confirmed that the Amazon River water was delivered to the Caribbean via advection by a NBCR that set up a positive westto-east sea level slope across the Lesser Antilles island arc. This in turn drove a strong northward geostrophic jet with speeds >25 cm s À1 inside the Caribbean Sea, just west of the Lesser Antilles. As the Amazon water entered the Caribbean Sea, it spread to the north and northwest at 11-26 cm s À1 , as observed both in a sequence of satellite ocean color images and satellitetracked surface drifter trajectories.
Shipboard observations showed that the April 2009 plume was low in SSS, and high in SST, chl-a and dissolved oxygen compared with surrounding waters (Table 1) . This was consistent with previous observations in river plumes (Hu et al., 2004; Ffield, 2007) . The high phytoplankton concentrations observed both in situ and using synoptic remotely-sensed ocean color imagery help explain the high surface dissolved oxygen concentrations in the plume relative to surrounding waters, in spite of the warmer temperatures of the plume. Oxygen profiles showed depletion of dissolved oxygen below the plume. Remineralization of materials sinking from surface plumes has been shown to contribute to the low dissolved oxygen and high dissolved nitrate concentrations observed in Subtropical Underwater (SUW) entering the Caribbean Sea (Montes et al., 2013a,b) . The SUW is likely strongly imprinted by the processes of remineralization of materials raining down through the water column from the Amazon River plume.
In the present study, total plankton volumes and surface chl-a observed within plume waters at the time of sampling were shown to be much higher than surrounding waters, suggesting an influx of nutrients to plume waters at some stage since formation. Remotely-sensed data showed a plankton bloom within the plume waters appearing to intensify as a result of an upwelling-favorable cyclonic circulation which developed in the eastern Caribbean west of the Lesser Antilles. The observed plankton communities sampled within the plume waters were therefore likely a product of both the characteristics of the original Amazon River water mass and influxes of nutrients owing to upwelling in the eastern Caribbean, which further stimulated plankton growth.
The type of plankton found in river plumes can vary with time. Newly-formed Amazon plume waters have previously been reported to be generally high in iron and silicate, but deficient in nitrate and phosphate. This resulted in a phytoplankton community dominated by diatoms, with total plankton volumes similar to or less than surrounding oceanic waters (Ryther et al., 1967; Hulburt and Corwin, 1969) . Other previous studies have demonstrated offshore entrainment of coastal plankton species as the Amazon River plume spreads into the Atlantic (Ketchum and Ryther, 1966; Ryther et al., 1967; Hulburt and Corwin, 1969; Borstad, 1982a,b; M€ uller-Karger et al., 1989; Subramaniam et al., 2008) .
The larval fish assemblages observed during April 2009 were distinct between the three water masses identified (Caribbean, Atlantic and plume). In spite of the coastal equatorial origin of the Amazon plume water at the time of its formation, when it would have been expected to contain coastal plankton species including diatoms, the larval fish assemblages sampled months later in the near-surface waters of the northeastern Caribbean within the plume were dominated by mesopelagic and pelagic fish species. Comparable results have been observed elsewhere, where riverine and coastal waters have been sampled several months after offshore entrainment. For example, Muhling et al. (2007) reported on a study of eddy features several hundred miles off the west Australian coast. One eddy had entrained coastal water approximately 4 months previously and subsequently moved offshore. Some of the sampled phytoplankton were still identifiable as 'coastal', but all of the larval fish were mesopelagic.
The typical pelagic larval duration of coastal and reef-associated fish species may be on the order of weeks, and (with the exception of leptocephalus larvae) seldom exceeds a month in the absence of suitable settlement habitat (Brothers et al., 1983; Wellington and Victor, 1989) . During 2009, as the Amazon water moved offshore and northwestward toward the Caribbean Sea, trapped within the NBCR circulation and northward advection, mesopelagic larvae were likely entrained into the water mass. Outside the plume, reef fish larvae were abundant in the upper 10 m of the water column, particularly at night. These high concentrations were absent from the upper water column within plume waters, suggesting exclusion of these larvae from their usual vertical habitat.
Larval fish assemblage studies in the Caribbean and surroundings are comparatively rare. Muhling et al. (2013) described shoreward entrainment of mesopelagic fish larvae against the Yucatan Peninsula and the dominance of these taxa in offshore samples, and demonstrated the important role of eddies and gyres in larval retention and dispersion. Richards (1984) also showed the ubiquitous occurrence of myctophid fish larvae in offshore Caribbean waters throughout the year.
Low salinity, high chlorophyll plumes have significant ecological implications for larval fish in the northeastern Caribbean Sea. Studies in temperate ecosystems have found that river plumes may be beneficial to growth and survival of larvae. High primary and secondary production within plume waters and plume boundaries have been linked to improved feeding conditions (Grimes and Kingsford, 1996) , and enhanced larval growth (Lang et al., 1994) . Larval sciaenids collected within Mississippi River outflow in the Gulf of Mexico fed more successfully than those from outside plume waters, owing to their ability to target a wide variety of prey items (Govoni and Chester, 1990) . However, coral reef fish larvae from the western central Atlantic appear to feed very specifically (Llopiz and Cowen, 2009) , and may rely primarily on only one or two zooplankton taxa throughout much of their larval stage. Their ability to adapt to potentially enhanced but unfamiliar feeding conditions within a river plume such as that encountered in 2009 is therefore uncertain. Sponaugle and Pinkard (2004) found that the passage of NBCRs past Barbados resulted in lower growth of T. bifasciatum (Labridae) larvae. They speculated that this may have been as a result of disruption of the usual prey field, and to potentially reduced visibility within turbid plume waters, which can affect usual prey capture behaviors (Chesney, 1989) .
Changes in conditions for larval fish feeding, growth and survival by the plume described in this study may have important consequences for recruitment of local species, including commercially important snappers, groupers and parrotfishes. Data on recruitment and stock sizes in the Caribbean region are sparse, and any impacts are consequently difficult to measure (Valle-Esquivel and Diaz, 2003; Salas et al., 2007) . In addition, settlement and subsequent recruitment is influenced by multiple processes, on a variety of temporal and spatial scales.
As a result, post-larval settlement may not always correspond closely to observed oceanographic events (Cowen et al., 2003) .
Of the commercially important fish species currently assessed, peak spawning seasons range from a few months, such as with red hind (Epinephelus guttatus) which spawns from December through to February, and queen snapper (Etelis oculatus) which spawns from November to December, to species which spawn throughout much of the year, such as silk snapper (Lutjanus vivanus) and yellowtail snapper (Ocyurus chrysurus) (Munro et al., 1973; Gobert et al., 2005; Nemeth, 2005; Graham et al., 2008) . Many of the parrotfishes (Scaridae) spawn in the spring (Munro et al., 1973) , as evidenced by their high abundance in larval collections from this study. Any potential impacts of the anomalous Amazon River plume event of spring 2009 on the survival of larvae, and their ultimate recruitment, would depend on a temporal overlap between the plume water and the spawning seasons of the local reef fish species.
In conclusion, this study documents the occurrence of a low salinity, high chlorophyll plume of Amazon River water impinging on the northeastern Caribbean during spring 2009. Samples from within the plume contained high concentrations of plankton, including abundant larvae of mesopelagic and pelagic fishes. This water mass may have displaced the more typical Caribbean assemblage of reef fish larvae within the near-surface layer.
An important question is whether the influx of Amazon River water and the subsequently altered water properties in the northeastern Caribbean during 2009 (and again in 2010) are indicative of a secular change in either the regional circulation or the frequency, size, and/or variability in dispersal patterns of NBCRs in the tropical and subtropical western Atlantic. The impact of recurrent events of this type could be even more potentially damaging to the ecology of the eastern Caribbean than single isolated events as have been seen in the past. The ecological effects on the survival and recruitment of economically important local reef fishes such as snappers, groupers and parrotfishes may be significant, but are hard to quantify. Future work will use satellite altimetry and ocean color observations, in conjunction with the Mercator Oc ean global ocean reanalysis, to address the question of whether there has indeed been a trend in the regional circulation patterns linking the Amazon River delta and the Caribbean Sea, and what if any changes may have occurred in the large-scale forcing to cause an increase in the likelihood of these extreme river plume events.
